ABSTRACT During the motion process of a hydraulic drive legged robot, the hydraulic drive unit (HDU) of each robotic joint generally adopts an outer loop impedance control method based on a hydraulic control inner loop. The hydraulic control inner loop can be generally divided into two parts: position closed-loop control and force closed-loop control. When the position closed-loop control is adopted, the performance of the position control directly determines the performance of the outer loop impedance control. Therefore, it is important to design a high-accuracy position control method aimed at HDU. Based on the ideas above, this paper introduces the position control system. Through an HDU performance test platform, the deficiency of the position control system is studied, using different typical input signals and gait trotting input signals. Then, a model-based variable input controller (MVIC) is proposed and designed. This controller contains the hydraulic system's built-in nonlinear and load characteristics. Finally, the control performance of the MVIC is proved experimentally under different working conditions. The experiment's results indicate that the MVIC can improve the HDU position control performance significantly. These results can provide important guidance and lay the experimental foundation for control strategy for hydraulic inner loops with position-based impedance control.
I. INTRODUCTION
Compared to the wheeled robot and the tracked robot, the legged robot is better at adapting to unknown and unstructured environments. Specifically, the legged robot performs well in executing tasks such as exploration, transportation, rescue, military assistance and so on, which makes it popular in recent research [1] - [4] . For the drive mode, hydraulic drive has advantages such as smaller mechanical size, higher output power, faster response, and higher accuracy over traditional motor or pneumatic drive. In other words, the hydraulic drive can meet the high-performance requirements of the legged robot. Some issues, however, such as the structure limitation size and crawling at low speed, can't be ignored if the hydraulic drive is adopted. Therefore, the hydraulic drive legged robot takes a valve-controlled cylinder as the drive component for every active motion joint. This is called the hydraulic drive unit (HDU) [5] - [6] .
Impedance control is adopted as a common control method during the legged robot motion process. This control method gives the robot legged joint compliance, which turns the leg system into a second order mass-spring-damper system with the desired stiffness, damping and mass. Impedance control has been successfully applied in the legged robotic domain of motor drive, as demonstrated by Tekken [7] , Scout [8] , KOLT [9] , the MIT cheetah robot [10] and so on. During recent years, as the development of hydraulic drive legged robots has continued, impedance control has been applied in robots such as Bigdog [11] , HyQ [12] , Scalf-1 [13] , LWR robot [14] , StarlETH [15] and so on. Generally, the hydraulic system is used as the inner loop in impedance control. When the system is under external disturbance, the disturbance signal is transformed through the impedance control outer loop, which is usually the transformation between position and force. Thus, the input of the inner loop is changed, and the system can obtain the impedance characteristic. Operating under different working conditions, the impedance characteristic required by the robot is different. If the robot's leg can't realize the desired impedance characteristic, then the buffering, gate, stability, walking speed, and other aspects of its operation will be influenced negatively. Therefore, the impedance control accuracy, which is mainly determined by inner loop control accuracy, is very important. The position control inner loop, similar to the force control inner loop, is a common inner loop impedance control method. Once position control is applied to the inner loop, the performance of impedance control is directly determined by position performance. Under actual working conditions, the natural nonlinearity, time-varying characteristic of parameters, strong coupling and other characteristic of the hydraulic system can't be ignored. Affected by these factors, the high accuracy position control in the hydraulic system inner loop is more difficult to achieve. There are many optimization methods aimed at position control in foreign and domain research [16] - [20] .
Many advanced position control methods have been applied in the above references, such as fuzzy logic control, intelligent control, sliding mode control and robustness control. These control methods optimize the position control system in many aspects including: following accuracy, response speed, and disturbance rejection ability. However, most of these advanced control methods are not based on a systemic mathematical model in control operation. In particular, the designs of these control methods aren't aimed at the impedance control inner loop, which means that the diversity of input signals in the robotic real motion process and the complicated load from the working environment are not taken into consideration. When HDU adopts position-based impedance control, the position control inner loop is actually a double input with single output system. To cause the system to achieve high accuracy position control performance, the optimization should be conducted to include the following two characteristics. First, the system should possess a greater ability to filter external disturbances, so that position output is not affected. Second, when the position input changed by the impedance outer loop enters the inner system, the system should possess fine position following performance, aiming to make the tracing error between input and output as small as possible. In the authors' former research, position control performance, and its parameter sensitivity aimed at control with the application of an HDU, were studied in many respects [21] , [22] . During the above study, it was found that the HDU control performance can't fulfil the high accuracy requirement when the system only adopts the traditional PID controller. Additionally, two factors (disturbance rejection ability and tracing performance) were found to affect position control performance. Therefore, the design of the position compliance compensation controller has been aimed at the research of the position control system's disturbance rejection ability under different working conditions, which is the optimization of its first aspect [23] . However, this research only improves the HDU position control disturbance rejection ability. When the input signal comes into the system, the controller shows its limitation.
Through mechanism modeling, this paper aims to describe the design of a model-based, nonlinear, variable input controller (MVIC), intended to fully improve two factors which affect HDU position control performance. This is the main contribution, and the novelty, of this paper. In consideration of the above, our structure is as follows. First, the HDU position control system is introduced. The system position control performance is tested through the HDU performance test platform under different typical input signals, and under the trotting gait input signal. Second, the compensation control strategy is proposed for the deficiency of the HDU position control performance. Based on this strategy, the MVIC is derived, which contains the hydraulic system's natural nonlinear characteristic and load characteristic. Third, the experiment is conducted through the HDU performance test platform. With different input signals, the position tracing error is analyzed quantitatively.
II. INTRODUCTION OF HDU POSITION CONTROL SYSTEM A. MATHEMATICAL MODEL OF POSITION CLOSED LOOP CONTROL
The photos of the HDU, the single leg and the quadruped robot prototype are shown in Fig.1 . They are all situated in our laboratory or cooperative laboratory. The HDU is a servo valve-controlled symmetrical cylinder shown is Fig.1-c) . The HDU is the joint actuator of the leg hydraulic drive system shown in Fig.1-b) . The leg hydraulic drive system is a single leg of the legged robot prototype shown in Fig.1-a) .
The transfer block diagram for the HDU position closed loop control is shown in Fig.2 The derivation in detail, and the performance analysis, are presented in the author's earlier research [21] , [23] .
In Fig.2 , X r is input position, X p is position tested by position sensor, X p output position, K x is position sensor gain, K PID is PID controller gain, K a is the servo valve amplifier gain, K xv is servo valve gain, K axv = K a K xv , ω is natural frequency of servo valve, ζ is damping ratio of servo valve,
is defined as conversion coefficient in this paper), X v is servo valve spool displacement, p s is system supply oil pressure, p 1 is inlet cavity pressure of servo cylinder, p 2 is outlet cavity pressure of servo cylinder, p 0 is system return oil pressure, Q 1 is inlet oil flow, Q 2 is outlet oil flow, C ip is internal leakage coefficient of servo cylinder, C ep is external leakage coefficient of servo cylinder, U r is input voltage, U p is feedback voltage, L is total length of piston rod, L 0 is initial length of piston rod, V g1 is volume of input oil pipe, V g2 is volume of output oil pipe, A p is effective piston area of servo cylinder, F f is friction, F L is disturbance force, m t is conversion mass,B p is damping coefficient.
The position control error E p from Fig. 2 consists of two parts, which are expressed as follows.
In Eq. (1), E p1 represents the position error generated by the influence of disturbance force on position control. E p2 represents the trace error between input and output of the inner control loop. Both of these aspects determine position control performance. Therefore, the theoretical analysis and experiment in the following paper will facilitate further study aimed at E p1 and E p2 .
B. INTRODUCTION OF HDU PERFORMANCE TEST PLATFORM
The schematic of the HDU performance test platform is shown in Fig. 3 . The photo of the HDU performance test platform is shown in Fig. 4 . Through the HDU performance test platform, the control performance of the HDU position control system is tested. The left part contains a servo valvecontrolled cylinder and a position sensor which adopts position closed loop control. The right part contains an identical servo valve-controlled cylinder and a force sensor which adopts force closed loop control. The detailed hydraulic schematic of the HDU test platform, hydraulic system composition and electric system composition, can be found in the author's previous research [21] , [24] . Due to limited space, that research won't be listed in this paper.
C. EXPERIMENTAL PLAN
The sinusoidal signal is usually selected as the performance test signal. The trace characteristic of the system that responds to the sinusoidal signal can be used to evaluate system performance. In addition, the disturbance force signal, with different frequency and amplitude, can be used to test the disturbance rejection performance. Then, the working condition of the trotting gait, at some velocity, is applied to test the control performance under different position signal and load force. The experimental plan is shown in Table 1 .
As it is shown in Table 1 , the experimental working conditions are divided into four parts. In the first part, under working conditions x and y without disturbance force, the position trace performance of the HDU under different amplitudes, and the frequency's input signal, is tested. In the second part, under working conditions z and { without input position, the disturbance rejection performance of the HDU is tested through input signals with different amplitudes and fre- quencies. In the third part, under working conditions | andw ith input position, the control performance is tested through the disturbance force signals with different frequencies and amplitudes. In the fourth part, the position control performance of the HDU position control system during the actual trotting gait is tested under working conditions and .
D. EXPERIMENTAL RESULTS
In the experiment, the HDU position control system adopts the integral separated PI controller designed in the author's previous research [23] . The experimental results in Table 1 are shown in Fig. 5 .
It can be seen from the experimental results: 1. Under working condition x and y, the HDU has a good position control performance. The maximum position error is nearly 3% compared with the input position amplitude.
2. Under working condition z and~, the disturbance rejection performance of the HDU position control system is not good, especially when the disturbance force has different amplitude and frequency. The position error has sinusoidal change with the sinusoidal disturbance position change.
3. Under working condition and , the maximum position error is more than 1mm, this control performance cannot meet the demand for the high precision position control of the robot leg joint.
III. MVIC A. DESIGN STRATEGY FOR CONTROLLER
According to the experimental analysis in Section II.B, the position controller from the author's previous work doesn't show excellent position control performance if it is only adopted in the system [23] . For position control, system output position X p approaching desired input position X r at any working condition can be regarded as an ideal situation. However, some factors of the HDU position control system, such as nonlinearity, time-varied parameters, and complex load F L , lead to the error between X p and X r . This system has two input variables, X r and F L ; the former one is controllable and the other is uncontrollable. Thus, here comes a new control idea. The only controllable variable X r can be changed into X r through a controller called MVIC. After X r comes into the system, the corresponding output X p could approach X r more precisely. Thus, the system position control performance will be improved. This control strategy of the MVIC is shown in Fig. 6 . In the above figure, transfer function of the HDU position control system x (s) can be expressed as follows:
. (2) Then, the system error transfer function xe (s) can be expressed as follows:
According to Eq. (3), the system error is related to disturbance force F L . The numerator of Eq. (3) is not zero, which means the system error transfer function is not zero.
Combined with the control strategy from Section 3.1, Eq. (2) can be changed as follows:
In Eq. (4), X p /X r represents the system transfer function when the input position is X r . Thus, Eq. (4) can be changed into Eq. (5) as follows:
Then, the system error transfer function xe (s) can be expressed as follows: To make the system error-free the numerator of Eq. (6) should be zero, shown as:
Eq. (7) can be simplified as follows:
Combining Eq. (6) and Eq. (8), when the system input signal is X r , the new output generated by X r will approach X r more precisely. As a result, the system position control performance can be significantly improved.
Based on Eq. (8), it is necessary to derive out the transfer function of G sv (s), G 1 (s), G 2 (s) and G f (s) from Fig. 2 for obtaining X r , these four transfer function can be expressed as follows (the detailed derivative can be found in Appendix). Denote,
Substitute Eq. (9) from Eq. (13) 
Eq. (13) is the mathematical model of MIVC proposed in this paper. However, the force signal tested by the force sensor is an analog voltage signal, whose value has high frequency noise. the compensation voltage generated from Eq. (14) which still contains second order and even higher order links fluctuates observably, decreasing the control effect dramatically. Therefore, the part of Eq. (14) related to F L needs to be optimized with respect to second and even higher order links, Therefore, Eq. (14) can be simplified as follows:
In Eq. (15), k 1 + k 2 is a nonlinear link. Combined with Fig.2 and the Appendix, it can be expressed as follows:
Eq. (16) includes the time-varying state vectorp L , the nonlinear pressure link p s − p 0 −p L . Wherep L can be observed through the state observer method [24] . So Eq. (15) can be expressed as follows: 
IV. EXPERIMENT OF MVIC PERFORMANCE
To test the MVIC's efficiency, the same working conditions are used as in Section II.C. Three curves are presented for comparison, which are input position, new input position and new output position respectively. In addition, the controller is tested under more working conditions, and it also shows satisfactory control effect. Due to limited space, the curves are not shown in this paper. As shown in Table 1 , the control effect curves are shown in Fig. 8 to Fig. 16 .
With the application of the MIVC proposed in this paper, according to Fig. 8 through Fig. 16 , the following can be seen. Working conditions x and y are set without load force. Working conditions z and { are set without input position. Under these four working conditions, the position error and lagging phase angle are effectively reduced. Mean values of error reduction rate are more than 80%. Meanwhile, when the sinusoidal amplitude and frequency are different, the control effect doesn't noticeably change. Under working conditions | to , there are both input position and load force.
Compared with working conditions from x to {, the control effect is reduced. Meanwhile, as the load force amplitude increases, the control effect goes down, within a small range. However, the position error and lagging phase angle are still significantly reduced. Mean values of error reduction rate are more than 60%. Under working conditions and , the input signal indicates a trotting gait, and the controller still shows fine control performance. Most significantly, the reduction of the max position error reflects a better control effect.
V. CONCLUSION
In this paper, the MVIC is proposed and designed by the HDU position control system nonlinear mathematical model. Then, the HDU position control performance with the MVIC is analyzed under different load working conditions and trotting gait input signals. Through this research, the following conclusion is reached:
First, the position control tested under different working conditions, when only the traditional PID controller is adopted, has unsatisfactory control performance. As input position or the load force of sinusoidal amplitude and frequency increases, the position error and lagging phase angle become larger. Under the working condition of a trotting gait, a position tracing error can't fulfill the requirement of high accuracy for the legged robot.
Second, with the application of the MVIC, the system position control performance is significantly improved under different sinusoidal working conditions. This means that the values of the position error reduction rate or the lagging phase angle reduction rate almost exceed 80%. The control effect doesn't noticeably decrease when working conditions change, which proves that the controller adapts to different working conditions. In addition, under different trotting gait working conditions, the system position control performance still improves significantly. The mean values of the position error reduction rate are more than 60%, which proves that the controller shows good control ability during the actual motion control of a robotic joint.
Future work: Based on the results of this experiment, two main areas of research will be explored. First, the control effect of the MVIC designed in this paper needs to be further studied when the impedance control method based on position is applied in the whole robot. Second, the MVIC involved in this paper is aimed at the HDU position control system. Whether the same control strategy can be applied to improve the force control system remains to be seen.
APPENDIX
In Fig.2 , the left cavity flow equation of servo valve from Fig.2 can be expressed as follows:
The right cavity flow equation of servo valve can be expressed as follows:
In order to make calculation convenient for Eq. (18) and Eq. (19) , the following expressions are set:
The left cavity flow continuity equation of HDU from Fig.2 can be expressed as follows:
The right cavity flow continuity equation of HDU from Fig.2 can be expressed as follows:
In order to make calculation convenient for Eq. (22) and Eq. (23), the following expressions are set:
Then, Eq. (22) and Eq. (23) can be changed into following equations:
Force balance equation of HDU is expressed as follows:
Combine Eq. (26) and Eq. (27). P 1 and P 2 can be obtained:
Substitute Eq. (18) 
Substitute Eq. (31) into Eq. (28) and set X v = 0. The following equations can be obtained (32), as shown at the top of the next page.
During the experimental test, in order to get a convenient calculation, set F f = 0 and C ep = 0. The above equation can be simplified as follows: 
Combine equations from Eq. (32) to Eq. (35). The transfer functions in Fig.3 can be derived out: 
